Introduction
============

The lymphatic system ensures tissue homeostasis through the transport of nutrients and tissue wastes, absorbs lipids from the intestinal tract, serves as a conduit for leukocyte trafficking to regional lymph nodes, and modulates the immune response.[@R1] A role for vascular endothelium growth factors (VEGFs) and VEGF receptor (VEGFR) tyrosine kinases in the development and maintenance of blood and lymphatic vessels has been established in a spectrum of genetic mouse models.[@R2] In mammals, the lymphatic endothelial system appears to be derived from the blood endothelial compartment and lymphatic progenitor cells,[@R1] whereas most types of leukocytes appear to be dispensable for the development of a functional blood and lymphatic vascular system.[@R3] However, recent data suggest that postnatal neovascularization is not restricted to angiogenesis (i.e., neovessel formation within a pre-existing mature vascular network), but also involves vasculogenesis, a process requiring the differentiation of progenitor cells and their participation in the development of a de novo vascular network.[@R4]^,^[@R5] Bone marrow-derived cells (BMDCs), including endothelial progenitor cells (EPCs), have been suggested to contribute to neo-lymphangiogenesis through two distinct mechanisms: (1) through their incorporation into growing lymphatic vessels in association with vasculogenesis; and (2) via the secretion of lymphangiogenic growth factors. In mouse experimental models, bone-marrow derived EPCs have been reported to display a mixed myeloid/endothelial phenotype,[@R3] to produce the lymphangiogenic growth factors VEGF-A, VEGF-C, and VEGF-D, and to be involved in the neovascularization of adult tissues.[@R4]^,^[@R5] Consistent with these findings, depletion of BMDC in murine models using Clodrolip (a liposomal drug that depletes macrophages) or genetic approaches severely impairs lymphatic vessel functions.[@R3]^,^[@R6] In mice, the contribution of BMDC to inflammatory lymphangiogenesis has been demonstrated in response to various environmental stimuli, including lipopolysaccharide (LPS) infection,[@R7]^-^[@R9] skin-wounding in diabetes,[@R10] skin homeostasis in hypertension,[@R11] and cancer.[@R12]^-^[@R15] In contrast, two studies have demonstrated that lymphatic endothelial cells (LECs) arise independently of the myeloid lineage during both embryogenesis and tumor-stimulated angiogenesis.[@R16]^,^[@R17]

In humans, a contribution of myeloid cells to lymphangiogenesis has been experimentally evinced in the context of pathophysiologic conditions such as cancer,[@R18]^,^[@R19] kidney transplantation,[@R20] nematode infection,[@R21] and pulmonary fibrosis.[@R22] Hence, inflammation seems to be a prerequisite for the transdifferentiation of myeloid cells into LECs. Human endothelial progenitor cells (EPCs) have been isolated from peripheral blood,[@R18]^,^[@R19]^,^[@R23]^-^[@R25] cord blood,[@R23]^,^[@R26] fetal liver,[@R24] or bone marrow,[@R24] and found to reside within a subset of CD34^+^CD133^+^VEGFR3^+^,[@R24] CD34^+^CD11b^+^,[@R26] or CD14^+^/CD34low[@R25] cells. To date, EPCs have been identified on the basis of their proliferative potential and the phenotype of their progeny,[@R18]^,^[@R24]^-^[@R26] rather than by their vasculogenic potential.[@R26] Moreover, to our knowledge, the lymphvasculogenic potential of human myeloid progenitors has not yet been demonstrated, although it has been suggested. Indeed, there is evidence for the incorporation of macrophages expressing LEC markers into the lymphatic vasculature of inflamed tissues[@R20]^,^[@R21] and the formation in vitro of lymphatic-like vessels induced by CD11b^+^ macrophages isolated from patients with pulmonary fibrosis.[@R22] Furthermore, correlations have been reported between lymph node metastasis and the frequency of circulating bone marrow-derived EPCs in small cell lung cancer[@R19] and the density of tumor-associated macrophages expressing VEGFR-3, VEGF-C, and VEGF-D in cervical squamous carcinoma.[@R18]

Herein, we report the dual hemangiogenic and lymphangiogenic activity of myeloid CD11b^+^ podoplanin^+^ cells differentiated in vitro from CD133^+^CD34^+^ human cord blood progenitors after 15 d of exposure to a cocktail of interleukin-6 (IL-6), thrombopoietin, stem cell factor/KIT ligand (SCF/KITL), Fms-related tyrosine kinase 3 (FLT-3) ligand, and human plasma. Importantly, both hemangiogenic and lymphangiogenic activities of these CD11b^+^podoplanin^+^ cells dramatically increased during differentiation in the presence of plasma from breast cancer patients compared with plasma from healthy women. In vitro differentiated CD11b^+^ podoplanin^+^ cells expressed both myeloid markers and the canonical LEC markers VEGFR-3, lymphatic vessel endothelial hyaluronan receptor 1 (LYVE-1), and prospero homeobox 1 (PROX-1). In response to VEGF, podoplanin^+^ cells proliferated and formed sprouts in vitro. Furthermore, CD11b^+^ podoplanin^+^ cells induced the growth of blood and lymphatic vessels in the cornea of immunocompromised mice and consistently produced VEGF-A, -C, and -D. Thus, our data show that human bone marrow-derived EPCs contribute to lymphangiogenesis through differentiation into LECs and secretion of VEGFs.

Results
=======

Breast cancer patient plasma promotes differentiation of CD34^+^ progenitor cells into hemangiogenic and lymphangiogenic CD11b^+^ cells in vitro
------------------------------------------------------------------------------------------------------------------------------------------------

We have previously reported that conditioned media of human breast cancer cell lines induces the commitment of CD34^+^ progenitors into hemangiogenic CD11b^+^ cells in a placenta growth factor (PLGF)-dependent manner.[@R26] Here, we examined the contribution of plasma from breast cancer patients to the differentiation of CD34^+^ progenitors into hemangiogenic and lymphangiogenic CD11b^+^ cells. To this end, we isolated CD34^+^ cells from human cord blood (purity \>95%, [Fig. S1](#SUP1){ref-type="supplementary-material"}) and cultured them in the presence of IL-6, thrombopoietin, SCF, and FLT-3 ligand to achieve continuous production of hematopoietic progenitor cells.[@R27]^,^[@R28] Additionally, we supplemented the culture with 10% plasma isolated from the peripheral blood of either healthy women or untreated breast cancer patients. Ten days later, the resultant CD11b^+^ cells (differentiated from CD34^+^ progenitors) were purified from the culture by positive immunomagnetic selection and assessed according to their hemangiogenic and lymphangiogenic activities via their ability to induce sprouting of human umbilical vein endothelial cells (HUVECs) and LECs grown in vitro on microcarrier beads embedded in a 3D fibrin gel. CD11b^+^ cells that differentiated in the presence of plasma from breast cancer patients induced dramatic sprouting of human HUVECs and LECs as compared with their counterparts differentiated in the presence of plasma from healthy women ([Fig. 1A](#F1){ref-type="fig"}). Consistent with these findings, CD11b^+^ cells isolated from the peripheral blood of breast cancer patients showed much stronger hemangiogenic and lymphangiogenic activities than those isolated from the blood of healthy women ([Fig. 1B](#F1){ref-type="fig"}).

![**Figure 1.** Increased hemangiogenic and lymphangiogenic activities of CD11b^+^ cells differentiated in vitro from CD34^+^ progenitors in the presence of plasma from breast cancer patients. (**A--D**) The hemangiogenic and lymphangiogenic activities of CD11b^+^ cells were assessed in vitro by measuring their ability to induce sprouting of human umbilical vein endothelial cells (HUVECs) and lymphatic endothelial cells (LECs) grown on microcarrier beads and embedded in a 3D fibrin gel. (**A**) Cumulative sprout length for HUVEC and LEC beads following exposure for 10 d to purified CD11b^+^ cells differentiated in vitro from CD34^+^ progenitors in the presence of plasma from healthy (H) individuals or breast cancer (BC) patients (n = 10--12). (**B**) Cumulative sprout length for CD11b^+^ cells isolated from peripheral blood of healthy individuals (H) and breast cancer patients (BC). (**C--D**) CD11b^+^ cells were differentiated in vitro from CD34^+^ progenitors following exposure to healthy plasma and the kinetics of hemangiogenic and lymphangiogenic activities (**C**) or differentiation into podoplanin^+^ cells (**D**) were measured. Background sprouting measured with coated HUVEC and LEC beads alone is shown (none). Data in (**C**) show cumulated sprout length normalized to that measured in the absence of bone marrow-derived cells (BMDCs) and in the presence of 50 ng/mL VEGF-A. Statistical significance was determined by Student's *t* test and differences are indicated for all panels (\**P* \< 0.05; \*\**P* \< 0.005; \*\*\**P* \< 0.001).](onci-3-e29080-g1){#F1}

In vitro differentiation of podoplanin^+^ cells from cord blood CD34^+^ progenitors
-----------------------------------------------------------------------------------

Differentiation of CD34^+^ progenitors into angiogenic CD11b^+^ cells was induced by plasma from healthy individuals after a long exposure time of 20 d ([Fig. 1C](#F1){ref-type="fig"}). However, plasma from breast cancer patients increased both the kinetics of differentiation of CD34^+^ progenitors into angiogenic CD11b^+^ cells ([Fig. 1C](#F1){ref-type="fig"}) and the angiogenic potential of these cells ([Fig. 1A and C](#F1){ref-type="fig"}).

These observations suggest that under the culture conditions used in this experiment, BMDCs stimulate hemangiogenesis and lymphangiogenesis through their ability to differentiate into endothelial cells and/or by providing a source of pro-angiogenic factors. To address these hypotheses, we performed longitudinal monitoring of the cell phenotype over 35 d of culture. First, using flow cytometry we examined the expression of neuropilin-1 and 2, which function in angiogenesis as co-receptors stabilizing the VEGF/VEGFR complex.[@R2] At day 0, all CD34^+^ cord blood progenitors expressed CD45, but not the VEGF co-receptor neuropilin-1. A small but detectable fraction of CD34^+^ cells (≤5%) expressed the stem cell marker CD133 as well as neuropilin-2 and VEGFR-3 ([Fig. S1](#SUP1){ref-type="supplementary-material"}), consistent with a previous report.[@R24] After 10 d in culture, a fraction of the purified CD34^+^ cord blood progenitors had differentiated into a population of adherent podoplanin^+^ cells ([Fig. 1D](#F1){ref-type="fig"}) that persisted, matured, and expanded over a 5-wk period. After 3 wk in culture, these podoplanin^+^ cells were detectable in all experiments with an average frequency of 10.75% ± 6.95% (range 5--23%, n = 10). At day 20 to 35, the podoplanin^+^ cells consisted of two populations according to CD31 expression ([Fig. 2A](#F2){ref-type="fig"}). The podoplanin^+^CD31^−^ population was predominantly CD34^low^ and CD45^low^, whereas the podoplanin^+^CD31^+^ subset expressed intermediate levels of these markers and retained 19% CD34^+^ progenitor cells. The culture also contained a large proportion of podoplanin^+^CD31^+^ cells that heterogeneously expressed CD34 and CD45 ([Fig. 2A](#F2){ref-type="fig"}). Finally, differentiation of CD34^+^ cord blood progenitor cells into podoplanin^+^ cells was not significantly enhanced by growing the cells on surfaces coated with collagen, gelatin, or fibronectin, displaying an average increase in podoplanin^+^ cell frequency relative to the untreated surface of 0--12% ± 4%, *P* \> 0.05, n = 4). CD31^+^podoplanin^−^ cell populations that express CD34 but not CD45 may be mature endothelial cells whereas their CD34^−^ counterparts are likely to be fibroblasts ([Fig. 2A](#F2){ref-type="fig"}).[@R29] Moreover, CD31^+^podoplanin^−^CD34^−^CD45^+^ cells are candidate myeloid cells because a fraction of them express CD11b.[@R29]

![**Figure 2.** In vitro differentiation of CD34^+^ cord blood precursors into podoplanin^+^ cells. (**A--B**) CD34^+^ hematopoietic progenitors from cord blood were isolated by immunomagnetic selection and cultured in vitro. Resultant cells were characterized by immunostaining and cytofluorimetric analysis 15 to 35 d after the isolation of CD34^+^ cord blood precursors. Representative flow cytometry dot plots of the expression profiles of podoplanin, CD31, CD34, and CD45 (panel **A**) and podoplanin, CD133, and neuropilin-1 (panel **B**) are shown from 10 distinct cultures.](onci-3-e29080-g2){#F2}

At days 20 to 35, a subset of the podoplanin^+^ cells (6.5%) co-expressed neuropilin-1 but not CD133, whereas CD133 progenitors represented more than 15% of cells in the culture ([Fig. 2B](#F2){ref-type="fig"}). A vast majority of the CD133^+^ progenitor cells was podoplanin^−^ and neuropilin-1^−^ (\>85%, [Fig. 2B](#F2){ref-type="fig"}). To assess whether these progenitor cells had matured into podoplanin^+^ cells, we isolated CD133^+^ cells from a 20-d-old culture by immunomagnetic selection, stained them with carboxyfluorescein diacetate succinimidyl ester (CFSE), and returned them to the original culture. Over the first 4 d, the CD133 progenitor cells differentiated into podoplanin^+^ cells and expanded more than 16-fold ([Fig. S2](#SUP1){ref-type="supplementary-material"}) indicating that in our cell culture system, and similar to other reports,[@R24]^,^[@R26] EPCs reside within the subset of CD34^+^CD133^+^ cells. Furthermore, this cell culture system allows continuous in vitro maintenance and renewal of a significant proportion (\>10%) of CD34^+^ progenitors for over a year,[@R28]^,^[@R30] as well as sustained differentiation of podoplanin^+^ cells from CD34^+^ progenitors over several months ([Fig. 2](#F2){ref-type="fig"}). Interestingly, the podoplanin^+^ cells retained a significant fraction (approximately 20%) of CD34^+^ progenitor cells ([Fig. 2A](#F2){ref-type="fig"}).

Angiogenic CD11b^+^ cells from the peripheral blood of cancer patients showed reduced expression levels of CD31, podoplanin, and neuropilin-1 and 2 relative to podoplanin^+^ cells differentiated in vitro. A significant increase in the frequency of CD11b^+^CD14^+^neuropilin^+^ cells was observed in the peripheral blood of breast cancer patients relative to blood from healthy donors (31% ± 13 vs. 15% ± 6, *P* \< 0.05).

In vitro differentiated podoplanin^+^ cells express markers of myeloid and lymphatic endothelial cells
------------------------------------------------------------------------------------------------------

The expression of LECs and myeloid cell markers was examined by both flow cytometry and confocal microscopy 22 to 35 d after isolation of the CD34^+^ precursors from cord blood. Although VEGFR-1 is known to be involved in hemangiogenesis,[@R2] VEGFR-3, a receptor for VEGF-C and VEGF-D, has been shown to be required for LEC function and lymphatic development.[@R1] Similarly, VEGFR-2 has been implicated in lymphangiogenesis, possibly through binding of VEGF-A, C, and D. VEGFR-3, neuropilin-2, the transcription factor PROX-1, and podoplanin serve as LEC signature markers because their genetic deletion in mice has been shown to compromise the development of the lymphatic system.[@R1] However, despite the predominant and continuous expression of podoplanin in LECs and absence in blood endothelial cells (BECs), podoplanin is diversely expressed in a broad range of other cell types. Similarly, LYVE-1 has been identified as a LEC marker, but is also reportedly expressed in activated tissue macrophages.[@R1] We observed that podoplanin^+^ cells differentiated in vitro from CD34^+^ cord blood progenitors expressed VEGFR-1, VEGFR-2, neuropilin-1, and the LEC markers VEGFR-3, neuropilin-2, and LYVE-1 ([Fig. 3A](#F3){ref-type="fig"}). In contrast, podoplanin^−^ cells exhibited weaker (VEGFR-1, VEGFR-2, neuropilin-1) or undetectable (VEGFR-3, neuropilin-2, and LYVE-1) expression of these markers ([Fig. 3A](#F3){ref-type="fig"}). In contrast to podoplanin^−^ cells, podoplanin^+^ cells showed elevated expression of VE-cadherin, a marker of blood endothelial cells (BEC) and LECs ([Fig. 3A](#F3){ref-type="fig"}). PROX-1 activity is required not only for LEC specification but also to maintain the mature differentiated LEC fate.[@R31]^-^[@R35] Therefore, as shown in [Figure 3B](#F3){ref-type="fig"}, we used confocal microscopy to examine PROX-1 and found that most (\>80%) of the podoplanin^+^ cells displayed intermediate PROX-1 expression levels relative to HUVECs (negative) and LECs (high). In addition, we compared the expression of CD31 and canonical lymphatic markers in HUVECs, mature LECs, and podoplanin^+^ cells by flow cytometry. Podoplanin and neuropilin-2 were expressed by both podoplanin^+^ cells and LECs, but not by HUVECs ([Table 1](#T1){ref-type="table"}). Podoplanin^+^ cells displayed intermediate expression levels of LYVE-1 and VEGFR-3 relative to HUVECs and LECs, and heterogeneous expression of CD31 ([Table 1](#T1){ref-type="table"}). Taken together, these results indicate that podoplanin^+^ cells display a phenotype of maturing LECs. In addition, in contrast to HUVECs and LECs, most of the podoplanin^+^ cells expressed CD11b, consistent with their myeloid origin ([Fig. 3C](#F3){ref-type="fig"}). Approximately 30% of podoplanin^+^CD11b^+^ cells expressed the lipopolysaccharide receptor CD14, but not CD11c, indicating that this cell population encompassed a monocytic cell subset ([Fig. 3C](#F3){ref-type="fig"}). Finally, the presence of hematopoietic progenitors was examined by a methylcellulose-based colony assay (StemCell Technologies, Inc.). In contrast to podoplanin^−^ cells, podoplanin^+^ cells could not form colonies consistent with the expression of a maturing LEC phenotype (data not shown).

![In vitro differentiated podoplanin^+^ cells display markers of lymphatic endothelial cells and myeloid cells.(**A--C**)CD34^+^ hematopoietic progenitors from cord blood were isolated by immunomagnetic selection and cultured in vitro. Expression of the lymphatic endothelial cell (LEC) markers vascular endothelium growth factor receptors (VEGFRs), neuropilins, prospero-related homeobox 1 (PROX-1), and lymphatic vessel endothelial hyaluronan receptor 1 (LYVE-1) and of VE-cadherin was assessed by immunostaining and fluorescence cytometry (**A**) and confocal microscopy (**B**) in podoplanin^+^ and podoplanin^−^ cell populations. A. Flow cytometry histograms of the expression level of the indicated marker in each of the two cell types, with filled histograms depicting labeling with isotype control antibodies. (**B**) All podoplanin^+^ cells (arrows) expressed LYVE-1 and most (\> 80%) showed intermediate PROX-1 expression relative to human umbilical vein endothelial cells (HUVECs) and human dermal lymphatic microvascular endothelial cells (DLECs). (**C**) Podoplanin^+^ cells expression of the myeloid cell markers CD11b and CD14. Representative images from three to five experiments are shown. Cell characterizations were performed in 22- to 35-d-old cultures. Bar, 25 µm.](onci-3-e29080-g3){#F3}

###### **Table 1.** Expression of LEC markers (LYVE-1, podoplanin, and VEGFR-3), CD31, and neuropilin-2 on the surface of HUVECs, DLECs, and in vitro differentiated podoplanin^+^ cells

                            CD31   LYVE-1   Neuropilin-2   Podoplanin   VEGFR-3
  ------------------------- ------ -------- -------------- ------------ ---------
  HUVEC                     4380   200      13             36           830
  DLEC                      6858   748      729            47 000       17 231
  Culture 1 Podo^+^ cells   3200   458      500            500          4317
  Culture 2 Podo^+^ cells   4079   386      610            157          6450
  Culture 3 Podo^+^ cells   7043   1007     528            243          3613

Data shown are the mean fluorescence intensity determined by cytofluorimetric analysis, corrected for background staining. Expression was measured in the podoplanin^+^ (Podo^+^) cell fraction of three distinct differentiated cultures (1--3). DLEC, dermal lymphatic endothelial cell; LEC, lymphatic endothelial cell; HUVEC, human umbilical vein endothelial cell; LYVE-1, lymphatic vessel endothelial hyaluronan receptor 1; VEGFR, vascular endothelium growth factor receptor.

Podoplanin^+^ cells and mature LECs display a comparable aptitude to form sprouts in vitro in response to VEGF
--------------------------------------------------------------------------------------------------------------

We observed that podoplanin^+^ cells expanded in response to VEGF stimulation ([Fig. S3A](#SUP1){ref-type="supplementary-material"}) and showed a transient increase in surface expression of neuropilin-1 and continuous increase in expression of podoplanin ([Fig. S3B and C](#SUP1){ref-type="supplementary-material"}). We next examined the ability of podoplanin^+^ cells to form sprouts in response to VEGF treatment. Podoplanin^+^ cells that were positively selected from 25-d-old cultures were grown on collagen-coated microcarrier beads and embedded in a 3D fibrin gel. We observed that podoplanin^+^ cells adhered weakly to collagen microcarrier beads compared with HUVECs and LECs and failed to form the cohesive spheroids in methylcellulose that are usually generated in a spheroid sprouting assay. Nevertheless, in response to VEGF-A and -C podoplanin^+^ cells formed sprouts ([Fig. 4A](#F4){ref-type="fig"}) composed of cells expressing podoplanin, VEGFR-3, and CD31 ([Fig. 4B](#F4){ref-type="fig"}). However, the weak adhesion of podoplanin^+^ cells to the microcarrier beads precluded accurate quantification of the sprouting of podoplanin^+^ cells and prompted us to generate chimeric HUVEC/podoplanin^+^ cells or LEC/podoplanin^+^ cell beads that showed sustained and reproducible coverage. Sprouts emerging from HUVEC, LEC, or podoplanin^+^ cells were identified by incorporation of CFSE in one of the cell types before beading. We observed that CFSE incorporation had a weak effect on the sprouting ability of endothelial cells of lymphatic origin but a moderate effect on those of blood origin, therefore CFSE was preferentially used to label the lymphatic cells.

![**Figure 4.** Podoplanin^+^ cells and LECs show similar abilities to form sprouts in vitro in response to vascular endothelium growth factor (VEGF). In vitro sprouting of endothelial cells cultured 25 d using podoplanin^+^ cells positively selected using anti--podoplanin-PE antibody and immunomagnetic separation. Podoplanin^+^ cells were labeled with carboxyfluorescein diacetate succinimidyl ester (CSFE) and cultured on collagen-coated microcarrier beads embedded in a 3D fibrin gel, as described below. (**A**) Epifluorescence microscopy image of CFSE-labeled sprouts (dashed line) of podoplanin^+^ cells after 5 d of stimulation with vascular endothelium growth factor (VEGF)-A and -C. (**B**) Confocal microscopy images of sprouts of podoplanin^+^ cells in 3D fibrin gel 3 d post-stimulation. Green, CD31; blue, podoplanin; red, VEGF receptor (VEGFR). Bar, 75 µm. (**C--F**) Sprouting capacity of endothelial cells in response to VEGF was evaluated in vitro by measuring the mean cumulative sprout length. (**C**) Beads were coated exclusively with human umbilical vein endothelial cells (HUVECs) or lymphatic microvascular endothelial cells (LECs) (**D--F**) Chimeric beads were coated with both HUVECs and LECs (**D**), HUVEC and podoplanin^+^ cells (**E**), or LECs and podoplanin^+^ cells in a 2:1 ratio (**F**). Sprouts of lymphatic origin were identified by incorporation of CFSE into LECs or podoplanin^+^ cells. Cumulative data from a minimum of three experiments are shown. Background sprouting (96.8 ± 60 pixels) measured with coated beads alone was subtracted from all data. Significant differences between cell types in response to the same treatment were measured by Student's *t* test; \**P* \< 0.05 in panels **C--F**; in panel **C**, significant differences among the treatments for HUVECs and LECs are indicated by blue and red asterisks, respectively.](onci-3-e29080-g4){#F4}

Beads covered exclusively with HUVECs showed strong and weak sprouting capacity in response to VEGF-A and VEGF-C, respectively. Beads covered exclusively with LEC showed a clear opposite trend ([Fig. 4C](#F4){ref-type="fig"}). A combination of VEGF-A and VEGF-C had a significant synergistic effect on the sprouting capacity of both HUVECs and LECs, with a much stronger effect on LECs ([Fig. 4C](#F4){ref-type="fig"}). These differences tended to be much less pronounced on chimeric HUVEC/LEC beads ([Fig. 4D](#F4){ref-type="fig"}), suggesting that HUVECs and LECs influence each other. More specifically, LECs displayed a highly variable response to VEGF-A on chimeric HUVEC/LEC beads (compare panels C and D). Compared with LECs, podoplanin^+^ cells showed similar responsiveness to VEGF-A and VEGF-C when mixed with HUVECs on beads (compare panels D and E). Furthermore, in chimeric LEC/podoplanin^+^ cell beads, podoplanin^+^ cells and LECs showed comparable responses to VEGF treatment ([Fig. 4F](#F4){ref-type="fig"}). Thus, a hallmark of lymphatic cells (i.e., LECs and podoplanin^+^ cells) is a robust synergistic stimulatory effect of combined VEGF-A and VEGF-C on their sprouting capacity ([Fig. 4C and F](#F4){ref-type="fig"}). Finally, comparable results were obtained using CD11b^+^ positively selected cells (data not shown).

In vitro differentiated podoplanin^+^ cells are lymphangiogenic
---------------------------------------------------------------

Like BMDCs, podoplanin^+^ cells share markers with both LECs and myeloid cells ([Fig. 3](#F3){ref-type="fig"}). Because some mouse BMDCs have been reported to contribute to lymphangiogenesis,[@R14] we compared the angiogenic potential of podoplanin^+^ cells and mature LECs. To this end, we applied podoplanin^+^ cells or LECs to microcarrier beads that were coated with LECs or HUVECs and embedded in a 3D fibrin gel. Podoplanin^+^ cells induced robust sprouting of HUVEC and LEC cells, whereas LECs failed to do so ([Fig. 5A](#F5){ref-type="fig"}). These results indicate that, in contrast to LECs, podoplanin^+^ cells are both hemangiogenic and lymphangiogenic in vitro. Moreover, the hemangiogenic and lymphangiogenic activities showed a 6.5-fold enrichment in the podoplanin^+^ cell fraction relative to the podoplanin^−^ cell fraction. We further examined the angiogenic activity of podoplanin^+^ cells by injecting them into the cornea of mice. The cornea is avascular and any growth of new vessels from the peripheral limbal vasculature reflects angiogenic activity of the injected podoplanin^+^ cells.[@R36] Podoplanin^+^ cells induced the growth of blood and lymphatic vessels in the cornea from pre-existing limbal BECs and LECs, as shown by CD31 and LYVE-1 immunostaining of sagittal sections of the eyes after 30 d ([Fig. 5B](#F5){ref-type="fig"}, arrow heads). Taken together these results indicate that, like BMDCs and in contrast to mature LECs, podoplanin^+^ cells enable both hemangiogenesis and lymphangiogenesis in vivo. Consistent with these findings, we observed that podoplanin^+^ cells expressed VEGF-A and -C by confocal microscopy ([Fig. 5C](#F5){ref-type="fig"}).

![**Figure 5.** Podoplanin^+^ cells are hemangiogenic and lymphangiogenic in vitro and in vivo. The hemangiogenic and lymphangiogenic activities of podoplanin^+^ cells (derived from cultured cord blood CD34^+^ precursor cells) and microvascular lymphatic endothelial cells (LECs) were assessed in vitro by measuring their aptitude to induce sprouting of human umbilical vein endothelial cells (HUVECs) and LECs grown on microcarrier beads and embedded in a 3D fibrin gel. (**A**) Cumulated sprout length for HUVEC (left panel) and LEC (right panel) beads following exposure to podoplanin^+^ cells or LECs. Background sprouting (71.4 ± 57 pixels) measured with HUVEC and LEC beads alone was subtracted. Significant differences were determined by Student's *t* test, \**P* \< 0.05; \*\**P* \< 0.005). (**B**) Corneal vascularization assay to assess the in vivo hemangiogenic and lymphangiogenic activity of podoplanin^+^ cells was performed by transplantation of 30 000 podoplanin^+^ cells into the corneal stroma of anesthetized NOD-SCID/IL2Rγ^null^ mice. Fluorescent microscopy images of sagittal sections of mouse eyes using antibodies specific for CD31 and lymphatic vessel endothelial hyaluronan receptor 1 (LYVE-1) revealed de novo formation of blood and lymphatic vessels emerging from the peripheral limbal vasculature (arrow heads) and expanding into the cornea (vertical double-headed arrow). Single arrow depicts the iris. Bar, 100 μm. Cumulative data of three independent experiments are shown in (**A**) and a representative experiment among three is shown in (**B**). (**C**) Expression of vascular endothelium growth factor (VEGF)-A and -C in the podoplanin^+^ cell fraction detected by confocal microscopy. Bar, 12 µm.](onci-3-e29080-g5){#F5}

Discussion
==========

In the present study we report that human CD34^+^CD133^+^ bone-marrow derived EPCs possess the ability to differentiate in vitro into myeloid LECs expressing VEGF-A, -C, and -D that consistently display hemangiogenic and lymphangiogenic activities. Our findings are consistent with other in vitro studies that identified EPCs within CD34^+^ populations of various origins.[@R21]^-^[@R24] Nevertheless, although two of these studies reported that BECs derived from CD34^+^ cells formed capillary-like structures after plating in Matrigel,[@R21]^,^[@R24] only one reported the differentiation of human CD34^+^ progenitors into ECs expressing VE-cadherin, CD51/61, CD105, LYVE-1, and podoplanin.[@R22] However, in these studies, authors did not examine the function of these cells or expression of PROX-1, a binary switch whose expression is constantly required to maintain a LEC fate.[@R31]^-^[@R35]

Here, we report that in vitro differentiated podoplanin^+^ cells expressed PROX-1, proliferated, and formed sprouts in response to VEGF-C stimulation. Additionally, we show that a strong synergistic effect of VEGF-A and -C is a common feature of the sprouting behavior of these in vitro-derived podoplanin^+^ cells and mature LECs. Relative to HUVECs and mature LECs, podoplanin^+^ cells displayed a decreased aptitude to adhere to extracellular matrix components such as collagen microcarrier beads. However, similar to mature LECs and in marked contrast to HUVECs, podoplanin^+^ cells failed to form cohesive spheroids in vitro. Furthermore, consistent with their CD45 intermediate hematopoietic phenotype, podoplanin^+^ cells remained impaired in their ability to form colonies compared with podoplanin^−^ cells, but expanded 16-fold from the initial CD133^+^ precursors over 4 d of culture. Hence, CD34^+^CD133^+^ cells could be viewed as bone marrow-derived EPCs and podoplanin^+^ cells as BMDCs that have acquired a LEC-like phenotype in vitro (refer to [Fig. 3](#F3){ref-type="fig"}). This plasticity is not surprising given that EC and BMDC cells have been previously shown to exhibit relatively fluid cell fates.[@R37] Finally, in marked contrast to mature LECs, podoplanin^+^ cells displayed hemangiogenic and lymphangiogenic activities (refer to [Fig. 5](#F5){ref-type="fig"}), suggesting that these functions might be specific to BMDCs. Although we observed that podoplanin^+^ cells can insert into LEC sprouts, this insertion did not seem to be linked to their lymphangiogenic activity because sprouting was also observed in the absence of insertion.

Importantly, the dual hemangiogenic and lymphangiogenic activity of myeloid cells was enhanced by plasma from breast cancer patients. It is unclear why the BMDC and LEC phenotypes are so closely related. However, in settings of tumor-induced lymphangiogenesis the frequency of CD34^+^ bone-marrow derived EPCs expressing VEGFR-3 was found to be increased in patients with small cell lung cancer correlating with lymph node metastasis and poor survival.[@R17] Moreover, the density of macrophages expressing VEGF-C and -D was shown to correlate with lymph node metastasis in cervical cancer patients.[@R16] These observations are particularly relevant in solid cancers, such as breast cancer and melanoma, since 80% of metastatic cells are known to disseminate through the lymphatic system[@R38] and their detection in regional lymph nodes is an excellent prognostic indicator.[@R39] Hence, while the role of BMDC in lymphangiogenesis within human breast tumors remains poorly understood, the observation that lymphangiogenesis within the sentinel lymph node precedes the arrival of metastatic cells[@R39]^,^[@R40] is highly suggestive of a contribution of lymphangiogenic BMDCs to lymph node metastatic spread in breast cancer.

Taken together, our results suggest a plausible mechanism accounting for the apparent contribution of marrow-derived EPCs and BMDCs to human breast cancer angiogenesis in which soluble plasma factors induce the differentiation of bone marrow-derived EPCs into hemangiogenic and lymphangiogenic CD11b^+^ BMDCs. In the case of breast cancer, our data indicate that this differentiation occurs before BMDCs reach the tumor microenvironment and most likely while they are residing in the bone marrow where CD34^+^ progenitor cells are exposed to unknown plasma factors. Identification of these factors is currently underway using the cell culture systems described in this study. Delineation of the altered signals and pathways driving the differentiation of bone marrow-derived EPC into hemangiogenic and lymphangiogenic BMDCs is expected to have a critical impact on the diagnosis and treatment of breast cancer.

Materials and Methods
=====================

Cells and tissue specimens
--------------------------

Human umbilical vein endothelial cells (HUVECs) and adult human dermal lymphatic microvascular endothelial cells (DLECs) were \>90% pure and were purchased from Lonza. Cord blood, peripheral blood, and plasma were obtained according to the Declaration of Helsinki and upon written informed consent. This study was approved by the ethics committee of the University Hospital of Lausanne. Breast cancer patients were diagnosed with primary invasive breast carcinoma (T1-T2 \< 3 cm, positive lymph node status for 25% of the patients, Grade I-III)[@R41] and untreated.

Confocal microscopy
-------------------

Cells were processed by cytospin or adhered to Cell-Tak coated slides (BD Biosciences, hereafter referred to as BD), fixed with 10% formalin for 10 min at 4 °C, permeabilized for 20 min at RT with PBS containing 0.05% Triton X-100 and blocked for 40 min with PBS containing 1% bovine serum albumin (BSA) and 5% fetal bovine serum (FBS). Slides were incubated with primary antibodies for 20 h at 4 °C, washed, incubated with secondary antibodies for 1 h at RT, and mounted in Mowiol (Sigma). Gel-embedded beads coated with endothelial cells were dried on glass slides, rehydrated in PBS containing 100 mM Tris pH 8.3, fixed, and blocked, as described above. Staining with primary antibodies was performed for 20 h at 4 °C in blocking buffer containing 0.1% Triton X-100. Incubation with secondary antibodies and mounting were performed as described above. Primary antibodies specific for LYVE-1 (ABBIOTEC, rabbit), VEGFR-3 (ABBIOTEC, rabbit), podoplanin (ABBIOTEC, rabbit), PROX-1 (R&D, goat), neuropilin-1, VEGF-D (GeneTex, rabbit), neuropilin-2 (R&D, goat), VEGF-A (R&D, mouse), CD31 (Abcam, mouse), and VEGF-C (Abcam, mouse) were used. Appropriate secondary antibodies prepared in donkey and coupled to Alexa Fluor-647, -488, or -594 were purchased from Invitrogen. Alternatively, a Zenon Alexa Fluor 647 rabbit IgG labeling kit from Invitrogen was used for fluorescence labeling. Fluorescent images were taken using a Zeiss LSM 510 META confocal microscope in the Cellular Imaging Facility.[@R41] Each image is the result of a maximum intensity projection of six optical sections (optical slice \< 1 μm).

In vitro cell differentiation, isolation, and activation
--------------------------------------------------------

CD34^+^ hematopoietic progenitors from cord blood were isolated by immunomagnetic selection (StemCell Technologies Inc.) and cultured as previously described.[@R27]^,^[@R28] At 15 to 25 d after isolation, the cells were used for isolation of podoplanin^+^ cells or stimulated by addition of recombinant VEGF at 50 ng/mL unless stated otherwise. The cell linker dyes PKH2, PKH67 (Sigma-Aldrich) or CFSE (carboxyfluorescein diacetate succinimidyl ester, Invitrogen) were incorporated into precursor cells, and cell proliferation and differentiation was monitored by flow cytometry (see below).

Analysis of cell phenotype by fluorescence cytometry
----------------------------------------------------

Following blockade of Fc receptors (FcR blocking reagent, Myltenyi Biotec), cells were labeled with fluorophore conjugated antibodies to the following proteins: human CD31-FITC (BD, mouse), CD34-PerCP (BD, mouse), CD45-Pacific Orange (Invitrogen, mouse), CD11b-PE-Cy7 (BD, mouse), human neuropilin-1-PE (Miltenyi Biotec, mouse), CD133-APC (Miltenyi Biotec, mouse), human VEGFR-1 (Abcam, rabbit), VEGFR-2-PE (R&D, goat), VEGFR-3 (ABBIOTEC, rabbit), CD11c-Pacific Blue (Biolegend, mouse), CD14-PerCP-Cy5.5 (Biolegend, mouse), and CD14-APC (BD, mouse). Unlabeled antibodies used included anti-podoplanin (ABBIOTEC, rabbit followed by a Cy5 goat anti-rabbit or Dylight-488 donkey anti-rabbit, both from Jackson Immunoresearch),and mouse VE-Cadherin (R&D, goat followed by an Alexa-647 donkey anti-goat from Invitrogen). Labeled cells were analyzed using a LSRII flow cytometer (BD Biosciences) equipped with a 610/20 nm filter on the violet detector.

In vitro and in vivo angiogenesis assay
---------------------------------------

After 15 to 25 d in culture, podoplanin^+^ cells were isolated by immunomagnetic selection (StemCell Technologies Inc.) using anti--podoplanin-PE antibody (Biolegend). The cell-tracing reagent CFSE was incorporated into endothelial cells to discriminate and quantify sprouts of blood and lymphatic origins. Monolayers of HUVECs and podoplanin^+^ cells were co-cultured on microcarrier beads (2:1, HUVEC: podoplanin^+^ cells) and embedded in a three-dimensional fibrin gel[@R42] overlaid with normal human dermal fibroblasts using a modified procedure.[@R43]^,^[@R44] The sprouting capacity of HUVECs and podoplanin^+^ cells in response to VEGF was evaluated by measuring the mean cumulated sprout length per bead on 10 spheroids or beads.[@R28]

Mouse experiments were approved by the cantonal veterinary service (Vaud). For the in vivo corneal vascularization assay, 30,000 podoplanin^+^ cells were isolated by positive immunomagnetic selection (purity \> 95%, Stem Cell Technologies) and injected in a 5-μL volume into the stromal part of the corneas of anesthetized NOD-SCID/IL2Rγ^null^ mice[@R36] using a 35-gauge nanofil injection kit (WPI). Blood and lymphatic vessels were detectable in the mouse cornea from days 15 and 22 post-injection, respectively. Mice were euthanized at 30 d post-injection and isolated eyes were fixed in 4% paraformaldehyde, cryoprotected in a 30% sucrose solution and embedded in Yazulla medium (30% egg albumin, 3% gelatin). In contrast to blood vessels, lymphatics are transparent and vascularization was assessed by immunostaining of 10-µm sagittal sections with antibodies specific for CD31 and LYVE-1 using a Zeiss Axio Imager M1 fluorescent microscope. The retina was used as a positive control for CD31 staining.

Reagents
--------

All chemicals were from Sigma-Aldrich unless indicated otherwise. Human recombinant cytokines were purchased from PeproTech and R&D Systems.

Statistical analyses
--------------------

The Student *t* test statistical analyses were performed using GraphPad Prism version 4.00 for Windows (GraphPad Software).
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BEC

:   blood endothelial cell

BMDC

:   bone marrow-derived cell

EPC

:   endothelial progenitor cell

FLT-3

:   Fms-related tyrosine kinase 3

HUVEC

:   human umbilical vein endothelial cells

IL-6

:   Interleukin-6

LEC

:   lymphatic endothelial cell

LPS

:   lipopolysaccharide

LYVE-1

:   lymphatic vessel endothelial hyaluronan receptor 1

PLGF

:   placenta growth factor

PROX-1

:   prospero homeobox 1

SCF/KITL

:   stem cell factor

VEGF

:   vascular endothelium growth factor

VEGFR

:   vascular endothelium growth factor receptor
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